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Polarized distribution of Na1/H1 exchanger isoforms in rabbit collect-
ing duct cells. The present study describes two Na1/H1 exchanger (NHE)
isoforms in an immortalized rabbit renal cortical collecting tubule cell line
(RC.SV3). Na1/H1 exchange activity was assayed using fluorescence
measurements of intracellular pH (pHi) in monolayers mounted in a
cuvette containing two fluid compartments, making it possible to indepen-
dently measure Na1/H1 exchange activity on either the apical or basolat-
eral surface. RC.SV3 monolayers express Na1/H1 exchange activities in
both the apical and basolateral membrane domains. The two exchangers
have half-saturation constants (Km) for external sodium and sensitivities
to dimethylamiloride, to HOE-694 and to cimetidine and clonidine
consistant with the NHE-1 isoform on the basolateral cell surface and the
NHE-2 isoform on the apical surface. Protein kinase A inhibition of
basolateral exchanger activity was significantly higher than that of the
apical exchanger. Protein kinase C significantly stimulated both exchang-
ers equally. RT-PCR analysis found RNA for only NHE-1 and NHE-2,
and immunofluoresence with an antibody against NHE-1 demonstrated a
basolateral location for this isoform. The results suggest that RC.SV3 cells
have two Na1/H1 exchange activities separated spatially to the two
cellular membranes, with the NHE-1 and the NHE-2 isoforms located on
the basolateral and the apical membranes, respectively.
The renal cortical collecting tubule occupies a strategically
important position as the final nephron segment capable of
modifying the pH and NaCl content of the urine under the
regulation of a wide variety of hormones. Polarized epithelial
kidney cells often asymmetrically express functionally distinct
Na1/H1 exchangers on the basolateral and apical membrane
domains, thus allowing for net vectorial acid/base or sodium
absorption. To date, there is still uncertainty about the identity
and the characteristics of regulation of vectorial acid/base and
sodium absorption in the mammalian collecting duct. Based on
biochemical and pharmacological properties, several isoforms of
the Na1/H1 exchanger have been identified in the kidney of
different species [reviewed in 1]. In particular there is evidence for
Na1/H1 exchange activity in the proximal tubule [2], the loop of
Henle [3–5], the distal tubule [6] and the cortical and medullary
collecting ducts [7–11].
The NHE-1 isoform, which is very sensitive to inhibition by
amiloride analogs, is expressed on the basolateral membrane of
multiple nephron segments and plays a “housekeeping” role in
intracellular pH (pHi), osmolarity and cell volume regulation [12,
13]. The apical membrane may present other isoforms that can be
involved in hormonally regulated Na1 transport, acid secretion
and/or, as recently reported [14], in cell volume regulation when
exposed to hyperosmolarity. The NHE-3 isoform, resistant to
inhibition by amiloride analogs [15], is a major apical form of the
Na1/H1 exchanger in specific nephron segments, and when
present may be responsible for net vectorial Na1 absorption
[16–18]. The NHE-2 isoform, which is relatively amiloride sensi-
tive [19], has a more controversial membrane location. It is
present in rat proximal tubule brush border membranes [20] and
has been demonstrated to be localized on the apical membrane of
both rabbit proximal tubule cell line, RKPC-2 [21], and a pig
kidney tubule cell line with biochemical and functional similarity
to proximal tubule cells, LLC-PK1 [22]. However, in a cell line
from mouse inner medullary collecting duct, mIMCD, NHE-2
coexists with the NHE1 in the basolateral membrane [23].
These findings underline the need to determine if the identity
and location of the various NHE isoforms vary according to
nephron segment and/or species differences or are due to the cell
line studied. We have utilized a cell line derived from rabbit
cortical collecting duct that displays full functional polarity,
RC.SV3 [24], to determine the identity, regulatory characteristics
and location of its Na1/H1 exchangers. RC.SV3 is an immortal-
ized, polarized epithelial cell line expressing principal cell char-
acteristics that has been demonstrated to respond to vasopressin
stimulation with a significant increase in cAMP production [24]
and vectorial osmotic water transport [25]. We identified the
presence of two Na1/H1 exchangers in RC.SV3 cells and de-
scribed their kinetic characteristics and pharmacological regula-
tion. NHE-1 was found to be located basolaterally by immunoflu-
oresence analysis with an antibody against NHE-1, and RT-PCR
analysis was positive for NHE-1 and NHE-2 while being negative
for NHE-3. Taken together, our results suggest that RC.SV3 cells
have two Na1/H1 exchange activities separated spatially on the
two cellular membranes, with the NHE-1 isoform located on the
basolateral membrane and the NHE-2 isoform on the apical
membrane. This cell line represents a good model for the study of
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function, regulation and cross-talk between isoforms in a func-
tionally polarized collecting duct cell line.
METHODS
Cell culture
Experiments were performed with RC.SV3 cells, a cell line
obtained from rabbit renal cortex and immortalized with SV40
virus, which displays the characteristics of cortical collecting duct
[24]. Cells were used between passages 35 and 50 and were
cultured in plastic culture flasks at 37°C in a 5% CO2 atmosphere
in DMEM high glucose supplemented with NaHCO3, Na-pyru-
vate, L-glutamine, 1 mM dexametasone and 10% heat-inactivated
fetal bovine serum (ICN, Flow) and 1% of a penicillin-strepto-
mycin mix (Seromed, Biochrom KG, Germany). Cells were sub-
cultured weekly by trypsinization into a Ca21/Mg21-free salt
solution containing 0.25% (wt/vol) trypsin and 1 mM EGTA and
then diluted into the above growth medium.
For all experiments cells were grown on permeant filter sup-
ports (Transwell 0.4 mm pore size, 4.7 cm2; Costar, Cambridge,
MA, USA) previously coated with a thin layer of rat tail collagen
(Becton Dickinson) according to published methods [26]. Exper-
iments were generally performed three to five days after seeding.
Fluorescent intracellular pH measurements
Intracellular pH (pHi) was measured using the pH sensitive
fluorescent dye, 29,79-bis-(carboxyethyl)-5(69)-carboxyfluorescein
pentaacetoxymethyl ester (BCECF-AM). Cells on permeable
supports were loaded with BCECF-AM (10 mM) for 60 minutes at
room temperature in bicarbonate-free sodium medium in the
presence of 50 mM probenecid to avoid dye leakage. Coverslips
with filters containing confluent monolayers were inserted at an
angle of 60° in a fluorometer cuvette designed for independent
perfusion of the apical and basolateral cell surfaces as previously
described [27]. This permits both the selective cell surface hor-
monal treatment and the selective measurement of transport at
each cell surface. Fluorescence was recorded in a Shimadzu RF
5000 spectrofluorometer using 535 nm (bandwidth 20 nm) as
emission wavelength and 500 nm (pH sensitive) and 440 nm (pH
insensitive) as excitation wavelengths (bandwidth 5 nm). The pHi
was calculated from the ratios from the fluorescence intensities at
the two excitation wavelengths by using a standard calibration
procedure based on the use of nigericin in high potassium media
buffered at different pH values as previously described [27].
Na1/H1 exchange activity was investigated by monitoring pHi
recovery after an acid load by using the NH4Cl prepulse technique
as described previously [28]. Acidification of cells was achieved by
brief treatment (4 min) with 20 mM NH4Cl added to Na
1 medium,
followed by superfusion with Na1-free solution (TMA medium,
where all Na1 was replaced by tetramethylammonium). The cell
polarity of Na1/H1 exchangers was tested by application of
Na1-medium to either the apical or basolateral cell surface.
Because transepithelial Na1 leakage during recovery of pHi could
alter pHi measurements, in every experiment, the sodium concen-
tration in the perfusion fluid effluent from the apical compart-
ment (TMA medium) when the sodium medium was run in the
basolateral compartment was determined by flame photometry,
and verified that basolateral Na1 never exceeded 50 mM.
The initial rate of Na1-dependent alkalinization was deter-
mined by linear regression analysis of the first 15 points taken at
four second intervals while the change in pHi was linear. A similar
number of data points was collected in all recoveries examined.
The use of nominally CO2/HCO3
2 free solutions minimized the
likelihood that Na1-dependent HCO3
2 transport was responsible
for the observed pHi changes. The Na
1-dependent alkalinization
in each experiment was always examined from the same starting
pHi value since Na
1/H1 exchange activity is under the influence
of pHi.
All pHi measurements were performed at room temperature in
Hepes-buffered media. Sodium medium contained (in mM) 110
NaCl, 3 KCl, 1 CaCl2, 0.5 MgSO4, 1 KH2PO4, 5 glucose and 10
Hepes buffered with Tris to a final pH of 7.5.
Transepithelial short circuit current
Measurements of transepithelial potential difference (mV) and
short circuit current (Isc; mA/cm
2) were performed in a modified
chamber according to published methods [29] at room tempera-
ture in the Na1 medium used for pHi measurements. Transepi-
thelial resistance (V 3 cm2) was calculated according to Ohm’s
law.
Protein extraction and Western blot analysis
A crude membrane fraction was prepared as previously de-
scribed [30]. An aliquot of 35 mg protein was heated at 100°C in
SDS sample buffer and separated by SDS-PAGE using a 4%
polyacrylamide stacking gel and a 7.5% polyacrylamide separating
gel as per Laemmli [31]. The 10 kDa Protein Ladder from Gibco
BRL was used as molecular weight standards. The separated
proteins were transferred to Immobilon P (Millipore) for immu-
noblotting. This membrane was washed for 30 minutes with
Tris-buffered saline (TBS) containing 0.1% Tween 20, and was
then blocked with 10% dried fat-free milk in TBS for two hours,
followed by washing twice with TBS. The blocked membrane was
incubated with the primary antibody [32] for one hour at room
temperature in TBS plus 5% dried fat-free milk containing 0.1%
Tween 20, followed by three washes with TBS plus 5% dried
fat-free milk. NHE-1 was detected by enzymatic color develop-
ment after sequential incubations with alkaline phosphatase-
conjugated goat anti-rabbit IgG for 30 minutes, three washes with
PBS, incubation with the substrates BCIP/NBT (0.56/0.48 mM,
respectively) and subsequent color development.
Immunofluorescence
The location of NHE-1 protein in the cell monolayers grown on
coverslips was determined by immunofluoresence microscopy as
previously described [25]. Briefly, cells monolayers were fixed with
2% paraformaldehyde, 10 mM sodium periodate and 75 mM lysine
for 20 minutes. Monolayers were washed 33 for five minutes and
the cells were permeabilized with 0.1% Triton X-100 in PBS for
four minutes. Unspecific sites were blocked for 15 minutes with
0.1% gelatin followed by incubation with affinity purified anti-
NHE-1 for two hours at room temperature. After washing 33 for
five minutes with 0.1% gelatin, the cells were incubated with
FITC-conjugated goat anti-rabbit IgG (10 mg/ml in PBS; Sigma)
for 60 minutes at 4°C followed by 23 for one minute in high salt
PBS and 23 in PBS. Coverslips were mounted in 50% glycerol in
0.2 M Tris-HCl, pH 8.0 containing 2.5% n-propyl gallate. The
samples were examined with a Nikon FX photomicroscope
equipped for epifluorescence and micrographs were recorded on
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Kodak T-Max 400 film (Eastman Kodak Co., Rochester, NY,
USA).
RNA extraction and RT-PCR analysis
Total RNA was isolated from confluent monolayers using the
method of Chomczynski and Sacchi [33], and first strand cDNA
was synthesized from 5 mg RNA with 10 U SuperScript reverse
transcriptase (GibcoBRL), 0.5 mg random hexamer (dT15) prim-
ers, 10 U ribonuclease inhibitor (RNasin), 0.2 mM each deoxyri-
bonucleotides (dNTP) and 5 mM MgCl2 in a 10 ml final volume
containing 1 ml of 103 reaction buffer (100 mM Tris/HCl, pH 8.8,
500 mM KCl and 1% Triton X-100) at 42°C for 30 minutes. The
resultant cDNA were denatured and 2 ml was amplified in parallel
by PCR (40 cycles) using 0.2 mM dNTPs, 2 mM MgCl2, One unit
of Taq polymerase (GibcoBRL), 5 ml of 103 PCR buffer (500 mM
KCl, 100 mM Tris/HCl, pH 9, 1% Triton X-100) and 2 ml each of
primers [34] designed to amplify sequence from NHE-1 (product
size, 250 bp), NHE-2 (550 bp) and NHE-3 (650 bp) isoforms in a
final volume of 50 ml. As a positive control, pcDNA3 (Invitrogen)
plasmid borne aquaporin (AQP4) cDNA was amplified with the
following primers: 59-GCTGATCATGGTGGCTTTCAAGGC-39
and 59-GCTCTAGATACAGAAGATAA TACCTC-39 (800 bp).
Each PCR cycle consisted of 94°C for 60 seconds, 53°C for 60
seconds and 72°C for 60 seconds. Reverse transcriptase-poly-
merase chain reaction (RT-PCR) products were lyophilized,
resuspended in sample buffer, run on a 1.2% agarose gel contain-
ing ethidium bromide and photographed under ultraviolet light.
Materials
BCECF-AM was purchased from Molecular Probes (Eugene,
OR, USA). All other substances were obtained from Sigma.
HOE-694 was kindly provided by Dr. H.J. Lang (Hoerchst AG,
Frankfurt, Germany). The polyclonal antibody against NHE-1
was the kind gift of Dr. J. Pouysse´gur of the University of Nice,
Nice, France.
Data analysis and statistics
Data presented are expressed as mean 6 SE. Statistical com-
parisons were made using the paired and unpaired Student’s
t-test, and a P , 0.05 denoted a statistical significance.
RESULTS
Polarized structure and tightness of RC.SV3 cells grown on
filterslips
Prior to initiating functional experiments on Na1/H1 exchange
polarity we verified that RC.SV3 cells grown on polycarbonate
filters display the structural and functional characteristics of a
polarized, epithelial cell monolayer. As in Figure 1, in these
growth conditions RC.SV3 cells have apical microvilli and lateral
intercellular digitations typical of epithelial cells. Measurement of
the transepithelial resistance, under the identical experimental
conditions as the pHi recovery measurements (1053 6 75.5 V 3
cm2, N 5 6), showed that RC.SV3 cells formed a confluent
monolayer.
Polarized intracellular pH recovery from an acid load and its
characteristics
All studies were conducted in nominally HCO3
2-free HEPES
buffered solutions to exclude bicarbonate transporting systems in
order to characterize only Na1/H1 exchange in RC.SV3 cells.
Figure 2 illustrates a typical experiment. BCECF-loaded cells
initially perfused with HEPES-buffered, bicarbonate free Na1-
medium were exposed for five minutes to 20 mM NH4Cl in both
perfusates. After replacing NH4Cl medium by TMA medium (the
data collection started immediately after this solution change),
cellular pHi dropped to a new level (; 6.55) and there was no
recovery of pHi in the absence of external sodium. Addition of 135
mM sodium medium to either the basolateral (Bl, first recovery) or
apical (Ap, second recovery) side of the cells produced a rapid
recovery in pHi (basolateral initial recovery, DpHi/min 5 0.23 6
0.02, N 5 42; and apical, DpHi/min 5 0.21 6 0.02, N 5 36) that
was partially inhibited by addition of 2 mM DMA, the Na1/H1
exchanger specific inhibitor (second and fourth recoveries, respec-
tively). Determination by flame photometry of the Na1 concen-
tration in the perfusion effluent leaving the Na1-free perfused
compartment (Methods) indicated that there was no significant
transepithelial leak during the above reported experiments. All
together these data suggest that in RC.SV3 cells both the apical
and basolateral Na1-dependent pHi recoveries were due to
Na1/H1 exchange activity.
The Na1-activation kinetics of the basolateral and apical
Na1/H1 exchangers in RC.SV3 cell monolayers were studied by
measuring the initial Na1-dependent rate of pHi recovery from an
acid load in the presence of 0, 6.7, 27, 36, 67.5, 100 and 135 mM
external sodium at pH 7.4. The values of initial Na1-dependent
pHi recovery rate normalized to the rate at 135 mM sodium are
shown in Figure 3. The initial rate of both Na1/H1 exchangers
followed simple Michaelis-Menten saturation kinetics with regard
to external sodium, and analysis of the data by Eadie-Hofstee
yielded a sodium Km of the apical Na
1/H1 exchanger almost
twofold higher than that of the basolateral Na1/H1 exchanger
(Km 5 47.6 6 9.8 vs. 24.5 6 5.8 mM for the apical and basolateral
membranes, respectively, P , 0.01).
Polarity of inhibitor action on the Na1/H1 exchangers
In order to functionally distinguish between the apical and
basolateral Na1/H1exchange activities, their relative sensitivity to
Fig. 1. Electron micrograph of a RC.SV3 monolayer grown on permeable
filter (31500). The cells appear to be polarized as illustrated by apical
microvilli and lateral digitation.
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a series of well characterized inhibitors was measured. All
Na1/H1 exchanger subtypes are inhibited by these compounds
but have widely different sensitivities to each that can help to
identify the exchanger subtypes present in a cell line [reviewed in
1, 34, 35].
5-(N,N-Dimethyl)amiloride
Almost all Na1/H1 exchanger subtypes are inhibited by amilo-
ride analogs in a manner competitive with sodium but they have
widely different sensitivities [35]. To further evaluate the inhibi-
tion of the Na1/H1 exchanger by the amiloride analog, 5-(N,N-
Dimethyl)amiloride (DMA), we measured its action at three
concentrations (0.02, 0.2 and 2 mM) on Na1-dependent recovery
at 34 and 135 mM sodium at either the apical or basolateral side
of the monolayer, following the same procedure as in Figure 2.
The effect of DMA was competitive with sodium (data not
shown), and kinetic analysis of the resulting data using a Dixon
plot (Fig. 4) demonstrated a higher DMA affinity for the baso-
lateral exchanger [inhibition constant (Ki) 5 0.27 mM] than for the
apical one (Ki 5 0.62 mM). These estimated values of inhibitor
constant (Ki) are consistent with values reported [35] for the
“housekeeper,” NHE-1 isoform (the basolateral activity) and the
NHE-2 isoform (the apical activity).
HOE-694
Recently, the benzoylguanidine derivative, HOE-694, has been
used to discriminate between the sensitive NHE-1 and NHE-2
isoforms and the insensitive NHE-3 isoform [35]. The relative
sensitivity of the two exchange activities to HOE-694 was assessed
in experiments performed as in Figure 2. The apical or basolateral
monolayer surface was treated with 0.01, 0.1 or 0.2 mM HOE-694
in the presence of either 135 or 34 mM sodium (N 5 4 for each set
of measurements). The effect of HOE-694 was also competitive
with external sodium (data not shown) and a Dixon kinetic
analysis of the resulting data (Fig. 5) estimated the Ki for
HOE-694 to be 0.046 mM for the apical exchanger and 0.02 mM for
the basolateral exchanger. These estimated values of Ki are
consistent with values reported [35] for the basolateral cell surface
to have the NHE-1 isoform and the apical cell surface the NHE-2
isoform.
Fig. 2. Representative traces depicting the Na1-dependence and polarity of intracellular pH (pHi) recovery after an acid load and the effect of DMA
in RC.SV3 monolayers in (A) basolateral and (B) apical membranes. The acid load was imposed by exposing the cells for five minutes to 20 mM NH4Cl
in Na1-medium followed by Na1-free tetramethylammonium (TMA) medium (Methods). Each trace begins at the start of perfusion of the monolayer
with TMA-Cl solution. There was no recovery of pHi under this condition. When the monolayer was perfused with either basolateral (first trace) or
apical (third trace) 135 mM Na1 nominally bicarbonate-free HEPES solution, a rapid recovery of pHi commensed. The monolayer was then acidified
again and after a two minute preincubation with 2 mM DMA in TMA-medium, the monolayer was perfused with 135 mM Na1 medium plus 2 mM DMA.
The ordinate is the pHi corresponding to the nigericin calibration performed as described in the Methods section.
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Clonidine and cimetidine
The agents cimetidine and clonidine have been shown to have
very different inhibitory effects on the different exchanger iso-
forms and have been used to help identify the isoforms [35, 36].
The relative sensitivity of the two exchange activities to 250 mM
cimetidine or clonidine were assessed by experiments performed
as in Figure 2. The results show that a two minute preincubation
with cimetidine inhibited the basolateral exchanger more than the
apical exchanger (P , 0.001; Table 1) while clonidine inhibited
the apical exchanger more than the basolateral exchanger (P ,
0.001). This concentration of clonidine and cimetidine have been
shown to not inhibit the NHE-3 isoform [35]. These results further
support the localization of the NHE-1 isoform to the basolateral
cell surface and the NHE-2 isoform to the apical cell surface.
Protein kinase regulation of Na1/H1 activity
The potential role of some important regulatory kinase systems
in the regulation of the two Na1/H1 exchange activities was
evaluated by their pharmacological activation after an acid load.
The role of protein kinase C (PKC) was investigated using the
phorbol ester, TPA, which activates PKC by mimicking DAG
action. The role of protein kinase A (PKA) was assessed with a
cell permeable analog of cAMP, 8-bromo-cAMP. In both sets of
experiments either the basolateral or apical Na1-dependent pHi
recovery was measured in response to 34 mM Na1 medium in the
Fig. 3. External Na1 dependence of intracellular pH (pHi) recovery. To
examine the effect of a series of different Na1 concentrations within a
monolayer, cells were repeatedly acidified to the same pHi level and the
initial recovery rate measured in response to 6.7, 27, 34, 67.5, 100 and 135
mM external sodium added to either the (A) basolateral or (B) apical
perfusion solution. For each experiment a least-squares fit was performed
on the initial rate of pHi recovery (15 data points for each recovery), and
the slopes normalized to the pHi recovery rate observed in the presence of
135 mM Na1. Na1 activation of basolateral Na1/H1 exchange followed
simple Michaelis-Menten kinetics. The apparent Km values were 24.5 6
5.8 mM for the basolateral and 47.6 6 9.8 mM Na1 for the apical
exchangers, respectively. The curved line is a non-linear least-squares fit of
the Michaelis-Menten equation.
Fig. 4. Dixon plot analysis of DMA inhibition of (A) basolateral or (B)
apical Na1/H1 exchange activities. In experiments conducted as in Figure
2, the initial recovery after an acid load was measured in monolayers
perfused after with either 34 mM (f) or 135 mM (F) Na1 medium in the
presence of 0, 0.2, 2 or 10 mM DMA. The half-inhibition constant (Ki) was
calculated from the intersection point of the two lines.
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absence and in the presence of the agents as reported in Figure 2.
The choice of the submaximal Na1 concentration was to better
observe a minimal variation in the rate of recovery produced by
protein kinase treatment. As shown in Figure 6, a 10 minute
preincubation with TPA (1027 M) slightly but significantly stimu-
lated both the basolateral and the apical Na1/H1 exchangers
(apical exchanger, 9.2 6 2.3%, P , 0.02, N 5 5; and basolateral
exchanger 15.1 6 7.7%, P , 0.02, N 5 4), suggesting that both the
basolateral and apical Na1/H1 exchangers are regulated similarly
by protein kinase C in RC.SV3 cells. 8-Bromo-cAMP preincuba-
tion inhibited both Na1/H1 exchangers (232.6 6 4.2%, P ,
0.001, vs. 218.6. 6 2.6%, P , 0.001, for the basolateral and apical
exchangers, respectively), but the inhibition of the activity of
basolateral Na1/H1 exchanger was significantly greater than that
of the apical Na1/H1 exchanger (P , 0.001).
A similar pattern of inhibition was induced by vasopressin (2 3
1027 M), a hormone shown in RC.SV3 cells to stimulate cAMP
production at about the same concentration [24]. We found that
vasopressin inhibited the basolateral significantly more than api-
cal Na1/H1 exchanger (223.6 6 4.1 vs. 212.5 6 1.8% inhibition
for the basolateral and apical membranes, respectively; N 5 4,
P , 0.001).
Identity and location of the two Na1/H1 exchange isoforms
To verify the presence and cellular location of the NHE-1
isoform in RC.SV3 cells, we performed Western blot and immun-
ofluoresence analysis of this isoform using antibodies generated
against a fusion protein of human NHE-1 [32]. As seen in Figure
7A, the antibody recognized a major protein band of molecular
mass about 98 kDa and a secondary band at about 110 kDa.
Indirect immunofluoresence analysis for the membrane location
of NHE-1 performed on confluent monolayers demonstrated that
this isoform is located at the basolateral membrane of the cell
(Fig. 7B, arrows).
Fig. 5. Dixon plot analysis of HOE-694 inhibition of (A) basolateral and
(B) apical Na1/H1 exchange activities. In experiments conducted as in
Figure 4, initial recovery after an acid load was measured in monolayers
perfused after with either 34 mM (f) or 135 mM (F) Na1 medium in the
presence of 0, 0.01, 0.1 or 0.2 mM HOE-694. The half-inhibition constant
(Ki) was calculated from the intersection point of the two lines.
Fig. 6. Influence of pharmacological activation of protein kinases on the
rate of Na1/H1 exchange activity. Either the basolateral or apical
Na-dependent intracellular pH (pHi) recovery was measured in response
to 34 mM Na1 medium both in the absence and in the presence of either
1027 M TPA or 1024 M 8-bromo-cAMP. Both the agents were added 10
minutes before analyzing the pHi recoveries. Values are the mean percent
change in pHi recovery rate of the treated cells with respect to untreated
cells 6 SE. N 5 5, **P , 0.02, ***P , 0.001.
Table 1. Effect of clonidine or cimetidine on apical versus basolateral
Na1/H1 exchange activity in RC.SV3 monolayers
Percent inhibition of Na1/H1 exchange activity
Basolateral Apical
Clonidine 65.3 6 1.4 (N 5 3) 81.1 6 1.8 (N 5 4)a
Cimetidine 79.8 6 2.2 (N 5 4) 50.4 6 1.1 (N 5 5)a
Values are mean percent inhibition 6 SE. Clonidine (250 mM) or
cimitidine (250 mM) were added to either the apical or basolateral side of
monolayer and preincubated 2 minutes before the second Na1/H1
exchange activity measurement.
a P , 0.001 between basolateral and apical values for an agent
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To further verify the identity the NHE isoforms present in
RC.SV3 cells, RT-PCR assays were performed with total RNA
isolated from confluent cell monolayers to detect the presence of
NHE-1, NHE-2 and NHE-3 RNA using primers demonstrated to
be specific for the NHE-1, NHE-2 and NHE-3 isoforms [34]. As
seen in Figure 8, PCR products of the expected sizes correspond-
ing to 250 bp for NHE-1 and 550 bp for NHE-2 were detected,
while there was no PCR product when the primers for NHE-3
were utilized (expected size of 650 bp). The identity of the
products for NHE-1 and NHE-2 was confirmed by restriction
digestion (data not shown). RT-PCR performed in the absence of
RNA produced no product (data not shown), while a positive
control for plasmid borne aquaporin (AQP4) cDNA produced a
product at the expected size of 800 bp.
DISCUSSION
The present study characterizes the presence and location of
Na1/H1 exchange activity in RC.SV3 confluent cell monolayers.
RC.SV3 is an immortalized cell line derived from the cortical
collecting tubule of rabbit kidney that expresses principal cell
characteristics [24]. When grown on a permeable support RC.SV3
cells formed a tight monolayer with an extremely low transepithe-
lial leakage (Methods) that displayed the anatomical characteris-
tics of a normal polarized epithelium (Fig. 1).
The results of the present study demonstrate that RC.SV3
monolayers express two Na1/H1 exchange activities that are
spatially separated to the basolateral and apical cell surfaces, as
has been observed in many other polarized renal epithelial cells
[1]. That the basolateral exchanger was the NHE-1 isoform and
the apical exchanger the NHE-2 isoform is supported by the
following four lines of evidence.
First, the Michaelis constant (Km) value for external sodium
concentration was different for the two activities. The Km for the
basolateral Na1/H1 exchanger (24.5 mM) is in good agreement
with values obtained in other epithelial cells for the NHE-1
exchanger isoform [1, 35]. The Km for the apical Na
1/H1
exchanger (47.6 mM) was significantly higher than that for baso-
lateral exchanger (P , 0.01), and was very close to the value found
for the rat NHE-2 isoform expressed in Na1/H1 exchanger-
deficient Chinese hamster ovary cells [37]. These data imply that
the exchanger present in the basolateral membrane may be the
NHE-1 isoform, while that in the apical membrane may be the
NHE-2 isoform.
Secondly, the two Na1/H1 exchangers have different sensitiv-
ities to various inhibitors that have been used to functionally
identify the different exchanger Na1/H1 isoforms [reviewed in 1,
35].
(a) DMA. The amiloride analog, dimethylamiloride (DMA), is
known to inhibit the Na1/H1 exchanger isoforms with different
sensitivities; the NHE-1 is more sensitive than NHE-2, which is
much more sensitive than NHE-3. In the present study DMA
inhibited the two exchangers differently, with a Ki of 0.27 mM for
the basolateral Na1/H1 exchanger versus a Ki of 0.62 mM for the
apical exchanger. These results further suggest that the Na1/H1
exchanger localized to the basolateral cell surface is the NHE-1
isoform and that the NHE-2 isoform is that localized to the apical
cell surface.
(b) HOE-694. Recently, the benzoylguanidine derivative, HOE-
694, has also been used to discriminate between the Na1/H1
exchanger isoforms, as NHE-1 is somewhat more sensitive than
NHE-2 while the NHE-3 isoform is very insensitive [35]. In the
present study, Dixon analysis of the HOE-694 data estimated that
HOE-694 inhibited the basolateral Na1/H1 exchanger with a Ki
of 0.02 mM and the apical Na1/H1 exchanger with a Ki of 0.046
mM. These results further support the identity of the basolateral
exchanger as the NHE-1 isoform and the apical exchanger as
NHE-2.
(c) Cimetidine and clonidine. The agents cimetidine and
clonidine have been shown to have very different inhibitory effects
on the different exchanger isoforms [35, 36]. NHE-3 is very
insensitive to both agents, while NHE-1 is more sensitive to
cimetidine than NHE-2, and NHE-2 is more sensitive to clonidine
than NHE-1 [35]. As can be seen in Table 1, cimetidine inhibited
the basolateral exchanger more than the apical exchanger (P ,
0.001), while clonidine inhibited the apical exchanger more than
the basolateral exchanger (P , 0.001). Importantly, the NHE-3
isoform is not inhibited by the concentration of clonidine and
cimetidine used in the present study [35]. These results are also
consistent with the NHE-1 isoform being on the basolateral cell
surface and the NHE-2 isoform on the apical cell surface.
Thirdly, the response of the two Na1/H1 exchange activities to
pharmacological protein kinase activation was as follows.
(a) Protein kinase C activation has been shown to inhibit
NHE-3, but activate NHE-1 and NHE-2 in both epithelial [38]
and non-epithelial [39, 40] Na1/H1 exchanger-deficient cells in
which the isoforms have been expressed through transfection. In
the present study both the basolateral and the apical Na1/H1
exchangers were up-regulated by protein kinase C activation by
the phorbol ester, TPA (Fig. 6). These data support the conclu-
sion that RC.SV3 cells do not contain the NHE-3 isoform.
(b) We found that activation of the protein kinase A system by
8-bromo-cAMP leads to inhibition of both the apical and the
Fig. 7. Western blot analysis and immunofluorescence localization of
NHE-1 in RC.SV3 monolayers grown on filters. (A) Confluent monolayers
were grown in DMEM plus 10% serum and total membrane protein was
isolated, separated, blotted and Western blot performed as described in
the Methods section. (B) Immunofluoresence localization of NHE-1 in
RC.SV3 cells grown on coverslips (3650). The protein for NHE-1 is
expressed in the basolateral membrane of the cells (arrows).
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basolateral Na1/H1 exchange activities. The 8-bromo-cAMP in-
hibitory effect on the basolateral Na/H exchanger was significantly
higher than that observed on apical Na1/H1 exchanger. There are
many reports of inhibition of the Na1/H1 exchange by cAMP/
PKA in cultured polarized renal cells expressing either the NHE-2
or NHE-3 isoforms [18, 21, 26, 41, 42]. Therefore, while we cannot
discriminate between an apical NHE-2 or NHE-3 isoform present
in RC.SV3 cells on the basis of protein kinase A regulation the
different sensitivity displayed by the two exchangers to the protein
kinase A regulation indicates again that the two Na1/H1 exchang-
ers are different. Interestingly, a similar pattern of inhibition was
induced by vasopressin (2 3 1027 M), a hormone shown in
RC.SV3 cells to stimulate cAMP production at a similar concen-
tration [24].
Fourthly, the localization of immunoreactivity of a specific
antibody against the NHE-1 isoform to the basolateral membrane
of the cell (Fig. 7B) reinforces the conclusion that it is this isoform
that is located on the basolateral cell surface. This result together
with the positivity of the RT-PCR reaction (Fig. 8) with primers
for NHE-1 and NHE-2 and, especially the negativity with primers
for NHE-3 [34], further support the functional data identifying the
apical exchange activity as the NHE-2 isoform.
The above findings indicate that RC.SV3 cell monolayers have
two Na1/H1 exchange activities separated spatially to the two
cellular membranes, with the NHE-1 isoform located on the
basolateral membrane and the NHE-2 isoform apically located.
With regard to the localization of NHE-2 to the apical membrane
of these rabbit collecting duct cells, our results are in agreement
with observations of an apical location of this isoform in rabbit
proximal tubule cells (RKPC-2) [21] and in a brush border
membrane enriched fraction from rat renal cortex [43]. However,
in an inner medullary collecting duct cell line (IMCD) developed
from simian virus transgenic mice [23] the NHE-2 protein is
expressed together with the NHE-1 isoform in the basolateral
membrane. This difference in the location could be due to simple
tissue or species-specific differences or to the loss of functional
polarity in the above cell line upon immortalization. The localiza-
tion of the NHE-2 isoform on the apical membrane of the
RC.SV3 cells is physiologically relevant to vectorial sodium and
proton transport, and fits well conceptually with the known in vivo
vectorial transport activity of the cortical collecting duct. We
conclude that the RC.SV3 cell line is a useful model for further
studies of the characteristics of regulation, physiological role(s)
and interaction of co-existing Na1/H1-exchange activities in
functionally polarized, mammalian cortical collecting duct.
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APPENDIX
Abbreviations used in this article are: BCECF-AM, 29,79-
biscarboxyethil-5,5-carboxy fluorescein acetomethyl ester; BCIP, 5-Bro-
mo-4-chloro-3-indolyl phosphate; DAG, 1,2-sn-diacylglycerol; DMA,
5-(N,N-Dimethyl)amiloride; DMSO, dimethyl sulfoxide; NBT, nitro blue
tetrazolium chloride; TPA, 12-O-betadecanoylphorbol 13 acetate.
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